Molecular dynamics simulations are used for studying the contact angle of nanoscale sessile drops on a planar solid wall in a system interacting via the truncated and shifted LennardJones potential. The entire range between total wetting and dewetting is investigated by varying the solid-fluid dispersive interaction energy. The temperature is varied between the triple point and the critical temperature. A correlation is obtained for the contact angle in dependence of the temperature and the dispersive interaction energy. Size effects are studied by varying the number of fluid particles at otherwise constant conditions, using up to 150000 particles. For particle numbers below 10000, a decrease of the contact angle is found. This is attributed to a dependence of the solid-liquid surface tension on the droplet size. A convergence to a constant contact angle is observed for larger system sizes. The influence of the wall model is studied by varying the density of the wall. The effective solid-fluid dispersive interaction energy at a contact angle of θ = 90 • is found to be independent of temperature and to decrease linearly with the solid density. A correlation is developed which describes the contact angle as a function of the dispersive interaction, the temperature and the solid density. The density profile of the sessile drop and the surrounding vapor phase is described by a correlation combining a sigmoidal function and an oscillation term.
Introduction
Wetting of a solid phase by a liquid plays an important role in many processes. The equilibrium wetting behavior is often classified by the contact angle 0 • ≤ θ ≤ 180 • of a sessile drop. The contact angle depends on the interaction between the particles, namely the fluid-fluid and the solid-fluid interactions. These can be explicitly described with force fields and, hence, the force fields yield the contact angle. While much work is available on force fields which describe the interaction in fluids, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] solid-fluid interactions have been studied less systematically. In that field, mainly adsorption of simple fluids in nanopores is considered [14] [15] [16] [17] [18] [19] [20] which enables fitting model parameters to adsorption isotherms. There are also reports on predicting the contact angle with force fields both for droplets, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and for fluid cylinders. 34, 35 However, they are restricted to few particular material combinations such as water on graphene.
The present work is devoted to studying the influence of the dispersive solid-fluid interaction on the contact angle in a model system by molecular dynamics (MD) simulations. This model system consists of a single sessile drop on a planar wall. The truncated and shifted LennardJones (LJTS) potential 36 is used for describing the fluid-fluid, solid-solid as well as the solidfluid interactions, extending previous studies on interfacial properties of the LJTS fluid. [37] [38] [39] The solid-fluid interaction and the temperature are varied and a quantitative correlation describing their influence on the contact angle is presented. The density of the solid substrate affects the total potential of the solid-fluid interaction by the number of interaction sites located in a certain distance to a fluid particle. 40 This is examined in simulations with solids of varying densities.
A correlation is established for predicting the contact angle as a function of temperature, solidfluid dispersive interaction, and solid density. The findings are discussed in the context of the results from different studies on the wetting behavior of Lennard-Jones (LJ) fluids. 18, [24] [25] [26] 30, 31, 37 Furthermore, an empirical correlation is presented that qualitatively describes the density profile of a sessile drop on a planar wall.
The system sizes accessible to MD simulation are getting closer to the smallest experimental settings, but systematic MD studies like the one carried out in the present study are still limited to nanoscale scenarios. When dealing with wetting phenomena on the nanoscale, one has to consider effects such as the line tension 41 or a decrease in the liquid-vapor surface tension due to the strong curvature of the interface. 42 In the present study, a brute force approach is used to deal with this:
The system size is increased until no dependence of the contact angle on the size is observed.
The number of fluid particles finally used is 15000, which is large enough to ensure that a further increase would not lead to significantly different results.
The paper is organized as follows: In section 2, the molecular model and the simulation method are described. The results regarding the size effects, the density profile, the contact angle and the influence of the wall density on the contact angle are presented in section 3 and discussed in section 4. Conclusions are drawn in section 5. Additional information is presented in the supporting information. 
with a cutoff radius of r c = 2.5 σ can accurately reproduce the thermophysical properties of simple nonpolar fluids, especially noble gases and methane. 38 It is used in the present study to describe all the three interaction types, i.e. fluid-fluid, solid-solid and solid-fluid.
The accurate description of solids usually requires the use of multibody potentials that are computationally more expensive. 43 The present study, however, is not concerned with the properties of a solid phase but rather with the influence of the solid-fluid interaction on the fluid, if solely dispersive and repulsive interactions are present. The wall is represented here by particles arranged in a face-centered cubic (fcc) lattice with the (100) surface exposed to the fluid. To maintain the wall in the solid state, the LJ energy parameter of the solid (s) is related to that of the fluid ( f ) by ǫ s = 100 ǫ f which essentially yields a static lattice. With the size parameter of the solid σ s , the lattice constant of the solid phase is a = 1.55 σ s and the particle density is ρ s = 1.07 σ −3 s . It may be noted that the present choice of the cutoff radius, i.e. r c = 2.5 σ f , yields practically the same lattice constant as would have been obtained for r c − → ∞, i.e. for the full LJ potential. Unless stated otherwise, the size parameters of the solid and the fluid are the same in the present study, i.e. σ s = σ f .
For a set of simulations in which the influence of the solid density is studied, the LJ size parameter of the solid σ s is varied. By scaling down σ s , the lattice constant of the solid is decreased and, hence, the density is increased: For the size parameters σ s = 0.80 σ f and σ s = 0.646 σ f , the solid density is ρ s = 2.10 σ −3 f and ρ s = 4.02 σ −3 f , respectively.
The dispersive and the repulsive interaction between the solid and the fluid phase is also described by the LJTS potential. The LJ size parameter of the unlike interaction between solid and fluid particles (s f ) is chosen to be σ s f = σ f . Note that σ s f = σ f even holds in the cases where the size parameter σ s is varied. The LJ energy parameter of the solid-fluid interaction is scaled by
ζ is called reduced solid-fluid interaction energy. Its influence on the contact angle is studied systematically. The sampling of the density profile ρ(R, y) during the simulation is accomplished via binning in a cylindrical coordinate system, in terms of the distance from the wall y and the distance from the symmetry axis of the droplet R. In the vicinity of the solid wall, the fluid is affected by strong ordering effects. By choosing a bin size of 0.1 σ f in the direction normal to the wall, these effects are monitored. The liquid-vapor interface is defined by the arithmetic mean density (
Simulation Method
where ρ ′ and ρ ′′ are the saturated bulk densities of the LJTS fluid known from previous studies. 38 As will be shown in section 3, the vapor phase is supersaturated so that the density is higher than the corresponding bulk value at saturation. Nevertheless, the bulk values are employed for the definition of the drop boundary because the location of the interface is rather insensitive to the vapor density. A sphere is fitted to the liquid-vapor interface, considering distances to the wall larger than 2 σ f whereas no weighting factors are introduced in the fitting procedure. The region close to the wall is excluded because it shows perturbations due to strong ordering effects. The tangent on this sphere at the intersection with the wall (y = 0) is used to determine the contact angle (cf. 1). The mean contact angle is determined from the density profile averaged over the entire production period. The uncertainty is estimated by the standard deviation of contact angles evaluated every 500 000 time steps during the production period.
The interaction of a fluid particle with the wall is the cumulative interaction of that fluid particle with all wall particles. 40 This cumulative potential u Σ depends on the density of the wall and the distance of the particle to the wall y. As the wall potential is not uniform but periodic it also depends on the lateral position above the wall, given by x and z. At a given lateral position (x, z) of the fluid particle, there is a minimum of this cumulative potential u Σ min (x, z) with respect to the distance y from the wall. The average minimum potential
where L x and L z denote the system size in lateral dimensions, is defined by the average over these minima. For the LJTS potential used in the present study, W depends linearly on ζ via Eq.
(??). While different measures of the solid-fluid interaction are possible, 31, 46 in the present study the magnitude of W is employed as a measure, following Grzelak et al. 31 The calculation of the surface of minimal potential is numerically accomplished by setting up a cubic mesh with a spacing of ∆x = ∆z = 0.031 σ f and ∆y = 0.01 σ f . The average minimum potential of the standard wall investigated in the present study (ρ s = 1.07 σ −3 s ) is given by
where k is the Boltzmann constant and T c = 1.078 ǫ f /k is the critical temperature of the LJTS fluid. 38 The average minimum potential is given by W = 4.83 ζkT c for ρ s = 2.10 σ −3 f , and W = 8.07 ζkT c for ρ s = 4.02 σ −3 f . In the range of the solid density investigated in the present study, the average minimum potential correlates linearly with the solid density ρ s . W is well described by Eq. (??) (cf. supporting information):
On average, the minimum potential is located 0.96 σ f above the topmost wall layer. The topography of the surface of minimal potential along with the local potential values is shown in the supporting information. According to Grzelak et al., 31 the molecular roughness of the atomisticallyresolved wall does not influence the contact angle. As chemical heterogeneities as a second source for contact angle hysteresis 47 are absent, it can be assumed here that no hysteresis occurs. Thus, the results of this study represent the true thermodynamically stable contact angle.
Simulation Results

Size Effects
To test the influence of the system size on the contact angle and the validity of the present re- The results are shown in 2. It can be seen that above about N = 10000 fluid particles the observed contact angles do not depend significantly on the system size. For the smaller system sizes, smaller contact angles are observed, consistently. The deviation increases with increasing solid-fluid interaction energy. There are several reasons for this deviation which, however, can not be identified seperately from the deviation of the contact angle. 34 As can be seen in 1, there is a layering effect of the fluid density in vicinity to the wall. For small droplets with N = 750 and 1500 particles, the layering affects the liquid density in the entire droplet and there are no bulk liquid properties. 48 found for planar liquid interfaces a significant decrease in the liquid-vapor interfacial tension due to the absence of bulk liquid properties, which is beyond the Tolman correction to the interfacial tension. 42 In addition to the decrease of the liquid-vapor interfacial tension, the solidliquid interfacial tension is assumed to decrease by the lack of bulk liquid properties. Another contribution affecting the contact angle is due to the growing influence of the three phase contact line with the line tension L and the curvature κ. The influence of these effects can be assessed
i.e. an adequately extended version of the Young equation
which both show that a decrease in γ lv would lead to a deviation such that the contact angle would be lower in the range of acute angles but higher for obtuse contact angles (or vice versa, depending on the sign of the line tension). The decrease in γ s l also contibutes to a persistent decrase in the contact angle. The findings of the present study are in line with those of Santiso et al.: 49 They observed a larger contact angle with an increasing droplet size and also a convergence to a constant angle. In their case the contact angle converged at a system size of about 10 5 fluid particles which is larger than in the present case. This shift towards larger fluid particle numbers is attributed to the slower decay of their interaction potential as compared to the one used here. 
Density Profile
where f (R) is the conventional function describing the density profile of a liquid drop surrounded by its vapor phase, 50 with the liquid and vapor densities ρ ′ and ρ ′′ , respectively. The radius of the drop is R e and the interfacial thickness is D. Similarly, the sessile drop is considered as having a spherical shape, so that the density varies with radial distance R from the origin of the sphere.
The undulations of the fluid density in vicinity to the wall are modeled by a sinusoidal oscillation term with an amplitude A and a period p. The damping parameter c characterizes the exponential decay of these undulations in terms of the distance from the wall y. There are eight parameters ρ ′ , 38 The period p of the density undulations is found to be about 0.9 σ f throughout, as it is characteristic for a packing structure. The damping parameter c of the density undulations increases from 0.5 σ −1 f to 3.0 σ −1 f at elevated temperatures and low values of the reduced solid-fluid interaction energy. It corresponds to a decay length of about 2 σ f at low temperatures and strong interaction to 0.3 σ f at high temperatures and weak interaction, respectively. The radius R e of the drop from Eq. (??) agrees well with the dividing surface that is determined by the threshold ρ = (ρ ′ + ρ ′′ ) /2. As the interfacial thickness and the density undulations are independent from the system size, 51 the density profile can be extrapolated to droplets of different size.
Contact Angle
The reduced solid-fluid interaction energies are varied at temperatures between 0.7 and 1.0 ǫ f /k. 
where τ = (1−T/T c ), was adjusted to the simulation results and yields good agreement for α = 1.03, 
previously found by Horsch et al., 37 Sikkenk et al. 22 
Wall Density
In order to study the influence of the solid density on the contact angle, simulations are carried out not only for a wall of the density of ρ s = 1.07 σ −3 f (results discussed above) but also for walls of two other densities: ρ s = 2.10 σ −3 f and ρ s = 4.02 σ −3 f . The simulation results for the contact angles on surfaces with increased solid densities are correlated by Eq. (??) using the same value for δ = −0.69 as given above, but newly adjusted values for the average minimum potential at θ = 90 • , which is given by W 0 , and the gradientᾱ. The numerical results are shown in the supporting information.
In particular, both W 0 andᾱ are found to depend linearly on the solid density ρ s . Correlations for W 0 (ρ s ) andᾱ(W 0 ) are obtained by fitting expressions
to the present simulation results. Good results are obtained for η 1 = 0.36, η 2 = 1.1, η 3 = −0.04, and η 4 = 0.38 (cf. 6).
Discussion
Contact angles in LJ systems have been studied by different authors before. 1 gives an overview in which also the results of the present study are summarized. There are two additional studies:
One by Bucior et al. 18 who have investigated systems with only a single layer of wall interaction sites, arranged in a closest hexagonal packing. In the study of Horsch et al., 37 the wall model was meant to represent graphite. Both wall models are characterized by a high lateral density. In the case of the graphite model, the interlayer distance is large (about 0.9 σ f ). The arrangement of the solid sites in both studies was forced, and densities vary significantly from the equilibrium configuration for a solid interacting via a LJ potential. The potential characteristics will therefore be different from those of the other studies. Accordingly, their results are not quantitatively comparable to the other investigations (e.g. see the data of Horsch et al. 37 in Figure S .3 in the supporting information). Therefore, the studies of Bucior et al. 18 and Horsch et al. 37 are not further discussed here. Furthermore, there are studies that basically mimic one of the models discussed here for the purpose of comparison. 32, 33 They are not considered in the present discussion, either.
The solid-fluid potential of the literature models differ both in the potential type and the cutoff radius. Ingebrigtsen and Toxvaerd 30 have used a continuous LJ 9-3 potential representing the cumulative interaction of a fluid particle with the wall. Shahraz et al. 35 have also used a contiuous LJ 9-3 potential that differs from the model of Ingebrigtsen and Toxvaerd 30 in the ineraction strength. Furthermore, Shahraz et al. 35 consider a simulation setup where they investigate the contact angle of an infinitely long cylindrical LJ droplet. All other studies mentioned here consider droplets assuming the shape of a spherical cap. Nijmeijer et al. 25 have used a combination of a particulate and continuous LJ 9-3 solid-fluid potential, whereas all other authors 24, 26, 31 have used particulate models. The solid density was similar for the studies of Ingebrigtsen et al., 30 Tang and Harris, 26 and Grzelak et al. 31 (ρ s ≈ 0.6 σ −3 f ). Grzelak et al. 31 have studied the contact angle on several wall models at a constant solid density ρ s = 0.58 σ −3 f , but for various lattice structures and surface orientations. They found a strong correlation between the average minimum potential and the contact angle, i.e. the contact angle was well characterized by the average minimum potential. For that reason, only one of the wall models of that literature source is discussed in the present study, namely the body centered cubic (bcc) wall with the (100) surface exposed to the fluid. In the following, it is referred to as the "bcc (100) lattice". Furthermore, there are several closely related MD studies on wetting in a LJ system by Sikkenk et al. 21, 22 as well as Nijmeijer et al. [23] [24] [25] All these studies use very similar molecular models and scenarios. The present discussion exemplarily refers to two of those studies, both by Nijmeijer et al. 24, 25 In those simulations, the solid density was ρ s = 1.78 σ −3 f . In the first study, 24 the solid-fluid potential was particulate. The other simulation study discussed here 25 used a particulate solid-fluid potential and an additional cutoff correction in form of a LJ 9-3 potential. This is referred to as the Nijmeijer et al. 25 combined model, in the following. It is similar to the one used by Ingebrigtsen and Toxvaerd 30 and it was meant to account for the long range contribution of the LJ potential. However, while the Nijmeijer et al. 25 combined model does consider a long-range correction contribution to the forces acting on fluid particles at distances y > r c from the wall, the long-range forces are completely neglected close to the wall (y ≤ r c ). Thereby, the Nijmeijer et al. 25 combined model, which is considered here nonetheless, fails to consistently address the issue of scale separation, since both short-range and long-range forces are actually strongest close to the wall. The way this combined potential was implemented therefore seems to be inconsistent to the present authors.
The studies of the different authors are carried out at constant but different temperatures. For some of the studies 30, 31, 35 mentioned above, the average minimum potential W could be directly obtained from the the literature source. For the studies of Nijmeijer et al. 24, 25 as well as Tang and
Harris, 26 the walls were reconstructed and the average minimum potential was calculated using Eq. (??). It may be noted that for the earlier study of Nijmeijer et al., 24 the corrected value of the solid-fluid cutoff radius of 2.21 σ f was used, as it was reported in the erratum in the subsequent paper by Nijmeijer et al. 25 The simulation data for the contact angles from the literature were fitted 
with the parameters η i , i = 1...4 and δ = −0.69 as introduced above. As can be seen from 7, a good agreement is obtained for most of the simulation data from the literature sources. The results of the Nijmeijer et al. 25 combined model differ considerably from the prediction, which is attributed to the special type of the solid-fluid potential that was mentioned before. Also, the contact angle data of the cylindrical droplet from the study of Shahraz et al. 35 deviate. This might be attributed to the different topology of their simulation setup. The general agreement between Eq. (??) and the simulation data is also obtained for literature data that are not shown in 7, for clarity.
Conclusions
Sessile drops on a solid wall were studied in a LJTS system. The temperature, the wall density, and the strength of the dispersive fluid-solid interaction were systematically varied. Simulation results for the contact angle as a function of these parameters were obtained. The present simulation data considerably extend the previously available information on systems of the studied type. A correlation which describes the dependence of the contact angle on the parameters mentioned above was developed using the data from the present study. This novel and general correlation agrees well with simulation data obtained by other authors in previous studies on the contact angle in LJ systems, even though details of the models differ.
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